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Abstract
We report on recent progress in understanding multiparticle correlations in small systems from the initial state. First,
we consider a proof-of-principle parton model, which we use to demonstrate that many of the multiparticle correlations
observed in light-heavy ion collisions, often ascribed to hydrodynamic collectivity, can be qualitatively reproduced in
an initial state model. Then, we study the two-particle harmonics v2 and v3 for p/d/3He+Au collisions at RHIC using the
dilute-dense Color Glass Condensate Effective Field Theory framework. We show that this provides a viable alternative
explanation to hydrodynamics, and elaborate on how such modeling can be improved.
1. Introduction
Multiparticle correlations observed in larger colliding nuclear systems such as gold–gold at RHIC and
lead–lead at the LHC have, in part, led to the discovery of nearly perfect fluid, the Quark Gluon Plasma
(QGP). These correlations are characterized as n-th azimuthal moments of the m-particle inclusive distribu-
tion, the vn{m} harmonics. For larger systems, the observation of QGP formation leads to the paradigm
that the system can be accurately modeled as a relativistic viscous fluid. While the dominance of fi-
nal state effects, efficiently encoded into a hydrodynamic description, limits the influence of correlations
from the initial state and the earliest times, smaller systems, like proton–lead collisions at the LHC or
proton/deuteron/helium-3–gold collisions at RHIC, offer a unique window to study such the physics of the
initial state. These smaller systems strikingly exhibit similar correlations to that of the larger systems [1].
However, the apparent lack of jet quenching in small systems [2], a strong signal for the existence of a QGP
in larger systems, begs the question if it is possible that these prima facie similarities could originate from
formally distinct mechanisms in small and large systems. In this proceeding, we will report on recent work
in this direction within the Color Glass Condensate (CGC) Effective Field Theory (EFT) framework [3].
The CGC EFT describes nuclei at high energies as composed primarily of high density gluons, whereby an
emergent semi-hard scale in each nucleus forms, Qs, which becomes the dominant scale of the problem.
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Gluons with k⊥ < Qs are highly occupied, forming strongly correlated domains of size 1/Qs. This picture
however receives corrections in the full CGC EFT framework as we will see.
This proceeding is organized as follows: in Sec. 2 we use a proof-of-principle parton model for multipar-
ticle correlations [4, 5, 6] to study pA collisions. We show that the similarity of the multiparticle v2{m ≥ 4}
is not unique to a hydrodynamic description. In Sec. 3, we detail an event-by-event model for gluon cor-
relations using the dilute-dense CGC framework [7] to study the “geometry scan” recently reported by the
PHENIX collaboration at RHIC [8], suggesting that the CGC EFT framework can produce “flow” in line
with observation.
2. Parton model and collectivity
Following [9, 10], we consider a model of nearly collinear (k⊥ ' 0) quarks eikonal scattering off of a
gluon dense nuclear target within the dilute-dense approximation1 [4, 5, 6]. We consider only the saturation
momentum of the target, Qs,T = Qs. The scattering amplitude of an eikonal quark at transverse position x⊥
coherently multiple scattering off of the target classical color field is represented by the Wilson line U(x⊥).
For simplicity, we assume the Wigner function for quarks in the projectile to be Gaussian in both position
and transverse momentum, and described by a single fixed scale Bp = 4 GeV−2 [12]. With these building
blocks, we can define an m-quark inclusive gluon distribution,
〈
dmN
d2p1···d2pm
〉
(the full expression and derivation
is provided in [5]). Expectation values are taken over Gaussian color configurations within the McLerran-
Venugopalan model [13, 14], and over all events. Calculating the p⊥-integrated intrinsic m-particle n-th
azimuthal correlations,
〈
ein(φ1+···+φm/2−1−φm/2−···φm)
〉
, using the m-particle inclusive distribution, allows us to
compute cumulants cn{m} and the corresponding Fourier harmonics vn{m} in the standard way [15]. Our
model has three free parameters: Qs,T , Bp, and the maximum integrated quark momentum pmax⊥ 2.
Remarkably, this simple model is able to capture many of the features observed experimentally. Key
among these was the realization of a finite v2{4} for the first time from a systematic initial state calculation.
Comparing to the single scattering limit, the Glasma graph approximation [16] (see e.g. [17] and references
therein), we find that coherent multiple scattering is the salient feature for a finite v2{4} [5].
However, calculations of greater than four-particle correlations, even within this simple model, are com-
putationally prohibitive. To proceed, we consider a further simplification, where quarks coherently multiple
scatter off an Abelian field3. Results for up to eight particle correlations are shown in left panel of Fig. 1.
We plot as a function of Q2s,T , which directly depends on center-of-mass beam energy. The multiplicity
however only logarithmically depends on Qs,T [11]; in order to study the multiplicity dependence, more
realistic modeling is required, as we describe in the next section. Nevertheless, this clearly demonstrates
that the similarity of v2{m ≥ 4}, commonly believed to be a signature for the formation of a hydrodynamic
medium, can also be generated from the initial state.
By increasing the value of Q2s,T , naı¨vely this increases the number of domains, ND ∼ BpQ2s,T , in the target
seen by the projectile. However, the correlations in left panel of Fig. 1 do not fall off as 1/ND as would be
the case for an truly independent domain model. To elucidate why this is, we consider the full non-Abelian
version of our model the in right panel of Fig. 1, where we vary the probe resolution scale, given by the
dimensionless quantity Q2s,T /(p
max⊥ )2. For (pmax⊥ )2  Q2s,T , the probe coarse-grains over multiple domains,
and thus the falloff is much slower than 1/ND. For (pmax⊥ )2  Q2s,T , the probe is able to resolve areas less
than the domain size, and thus sees each domain individually, resulting in a fall off ∼ 1/ND.
Major shortcomings of this model are considering quarks instead of gluons, which are known to dom-
inate the nuclear wavefunction at high energies, as well as the simplicity of the nuclei modeling – we will
explore both of these issues in the next section.
1Formally this limit refers to the power-counting in target and projectile color charge densities [11], where all orders in the target
are considered but only leading order in the projectile, however intuitively it can be understood as Q2s (target)  Q2s (projectile).
2The value of p⊥ for the final state quark in our parton model is dominantly from the transverse momentum kick from the target.
3This reduces traces of products of SU(3) matrices to complex scalar multiplication [5].
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Fig. 1: Left: Parton model calculation for coherent multiple scattering off an Abelian field of two, four, six, and eight particle Fourier
harmonics as a function of Q2s,T for p
max⊥ = 3 GeV. Right: Probe resolution scale dependence; see text for discussion.
Fig. 2: Dilute-dense gluon correlations for v2 and v3 compared to recent PHENIX measurements [8].
3. Dilute-dense gluons and PHENIX system scan
We now consider a more physical model of correlations of gluons in the dilute-dense limit of the CGC
EFT [11]. This is possible due to the recent observation that the first non-trivial correction in the color
charge density of the projectile produces finite odd harmonics [18, 19]. We consider the recent system scan
of p/d/3He+Au by the PHENIX collaboration [8]. They posit that the observed ordering for v2 and v3 is a
clear signature of collectivity driven by the projectile geometry, the initial ellipticity or triangularity, which
is captured by hydrodynamic response. However we will show this is not the only viable explanation.
First, the initial color charge densities are determined analogously to the IP-Glasma model [20]. Given
the two color charge configurations, we then calculate the single inclusive distribution, for details see [7].
Taking configuration and event averages allows us to define the multiplicity as well as multiparticle distri-
butions. The calculated multiplicity distribution is a convolution of negative binomial distributions – this is
not an input. All free parameters, listed in detail in [7], are constrained by minimizing deviations from the
STAR d+Au multiplicity distribution [21]. We find that good agreement up to very large multiplicities [7].
We then calculate the two-particle v2,3 for p/d/3He+Au collision at RHIC energies. The results are
shown in Fig. 2. For v2, the dilute-dense calculation describes the data well, while for v3 p+Au and d+Au
are overestimated. In our framework, the ordering comes from the fact that for the 0-5% centrality class, the
different systems probe different multiplicities, and thus different integrated Qs are probed, which controls
the strength of the correlations. Our results, consistent with experiment, are opposite to naı¨ve domain ex-
pectations due to the effects of coherence and domain resolution, previously discussed in the explanation of
the right panel of Fig. 1. The plotted uncertainties are only statistical; systematic uncertainties remain to be
quantified. We must understand the impact of dense projectile effects, which can be studied by comparison
to classical Yang-Mills dynamics calculations and will be reported elsewhere [22]. Additionally, uncer-
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tainties exist from system parameter dependence – we fix all parameters for all systems using the STAR
d+Au multiplicity distribution. Having p+Au and 3He+Au multiplicity distributions would eliminate this
uncertainty, and is also important for hydrodynamic modeling where they are used as inputs. Lastly, we
considered the correlations of gluons, and not fragmented hadrons. It is necessary to include fragmentation
in the future; a promising approach was recently developed in [23].
4. Conclusions
While on the surface small systems appear very similar to larger high-energy nuclear collisions, key
features of a strongly interacting plasma like jet quenching remain elusive, encouraging further study. We
have demonstrated that many of the observed multiparticle correlations can be qualitatively, and perhaps
even quantitatively, reproduced by purely initial state models. While quantitative initial state modeling of
small systems is still in its infancy due to the complexity and theoretical uncertainties, this is a promising
avenue of study. Recently, we have shown that the framework of Sec. 3 can also describe the multiplicity
dependence of v2,3,4 at the LHC [24]. Looking forward, we plan to quantify the differences between initial
state dilute/dense-dense frameworks and the relative contribution of a possible short-lived fluid stage [22].
Acknowledgements: We thank Sylvia Morrow for providing us the PHENIX data presented in Fig. 2. This
material is based on work supported by the U.S. Department of Energy, Office of Science, Office of Nuclear
Physics, under Contracts No. de-sc0012704 (M.M.,P.T.,R.V.) and DE-FG02-88ER40388 (M.M.). M.M.
would also like to thank the BEST Collaboration for support. This research used resources of the National
Energy Research Scientific Computing Center, a DOE Office of Science User Facility supported by the
Office of Science of the U.S. Department of Energy under Contract No. DE-AC02-05CH11231.
References
[1] M. Aaboud, et al., Eur. Phys. J. C77 (6) (2017) 428. arXiv:1705.04176, doi:10.1140/epjc/s10052-017-4988-1.
[2] J. Adam, et al., Phys. Lett. B760 (2016) 720–735. arXiv:1601.03658, doi:10.1016/j.physletb.2016.07.050.
[3] F. Gelis, E. Iancu, J. Jalilian-Marian, R. Venugopalan, Ann. Rev. Nucl. Part. Sci. 60 (2010) 463–489. arXiv:1002.0333,
doi:10.1146/annurev.nucl.010909.083629.
[4] K. Dusling, M. Mace, R. Venugopalan, Phys. Rev. Lett. 120 (4) (2018) 042002. arXiv:1705.00745, doi:10.1103/
PhysRevLett.120.042002.
[5] K. Dusling, M. Mace, R. Venugopalan, Phys. Rev. D97 (1) (2018) 016014. arXiv:1706.06260, doi:10.1103/PhysRevD.
97.016014.
[6] K. Dusling, M. Mace, R. Venugopalan, PoS QCDEV2017 (2018) 039. arXiv:1801.09704.
[7] M. Mace, V. V. Skokov, P. Tribedy, R. Venugopalan, Phys. Rev. Lett. (in press). arXiv:1805.09342.
[8] C. Aidala, et al.arXiv:1805.02973.
[9] T. Lappi, Phys. Lett. B744 (2015) 315–319. arXiv:1501.05505, doi:10.1016/j.physletb.2015.04.015.
[10] T. Lappi, B. Schenke, S. Schlichting, R. Venugopalan, JHEP 01 (2016) 061. arXiv:1509.03499, doi:10.1007/
JHEP01(2016)061.
[11] A. Dumitru, L. D. McLerran, Nucl. Phys. A700 (2002) 492–508. arXiv:hep-ph/0105268, doi:10.1016/S0375-9474(01)
01301-X.
[12] H. Kowalski, L. Motyka, G. Watt, Phys. Rev. D74 (2006) 074016. arXiv:hep-ph/0606272, doi:10.1103/PhysRevD.74.
074016.
[13] L. D. McLerran, R. Venugopalan, Phys. Rev. D49 (1994) 3352–3355. arXiv:hep-ph/9311205, doi:10.1103/PhysRevD.
49.3352.
[14] L. D. McLerran, R. Venugopalan, Phys. Rev. D49 (1994) 2233–2241. arXiv:hep-ph/9309289, doi:10.1103/PhysRevD.
49.2233.
[15] N. Borghini, P. M. Dinh, J.-Y. Ollitrault, Phys. Rev. C64 (2001) 054901. arXiv:nucl-th/0105040, doi:10.1103/
PhysRevC.64.054901.
[16] A. Dumitru, F. Gelis, L. McLerran, R. Venugopalan, Nucl. Phys. A810 (2008) 91–108. arXiv:0804.3858, doi:10.1016/j.
nuclphysa.2008.06.012.
[17] K. Dusling, R. Venugopalan, Phys. Rev. D87 (9) (2013) 094034. arXiv:1302.7018, doi:10.1103/PhysRevD.87.094034.
[18] L. McLerran, V. Skokov, Nucl. Phys. A959 (2017) 83–101. arXiv:1611.09870, doi:10.1016/j.nuclphysa.2016.12.011.
[19] Y. V. Kovchegov, V. V. Skokov, Phys. Rev. D97 (2018) 094021. arXiv:1802.08166, doi:10.1103/PhysRevD.97.094021.
[20] B. Schenke, P. Tribedy, R. Venugopalan, Phys. Rev. Lett. 108 (2012) 252301. arXiv:1202.6646, doi:10.1103/
PhysRevLett.108.252301.
[21] B. I. Abelev, et al., Phys. Rev. C79 (2009) 034909. arXiv:0808.2041, doi:10.1103/PhysRevC.79.034909.
[22] M. Mace, B. Schenke, C. Shen, V. Skokov, P. Tribedy, R. Venugopalan, in progress.
[23] B. Schenke, S. Schlichting, P. Tribedy, R. Venugopalan, Phys. Rev. Lett. 117 (16) (2016) 162301. arXiv:1607.02496, doi:
10.1103/PhysRevLett.117.162301.
[24] M. Mace, V. V. Skokov, P. Tribedy, R. Venugopalan, arXiv:1807.00825.
